Abstract-Branched axons (BAs) projecting to different areas of the brain can create multiple feature-specific maps or synchronize processing in remote targets. We examined the organization of BAs in the cat auditory forebrain using two sensitive retrograde tracers. In one set of experiments (n‫,)4؍‬ the tracers were injected into different frequency-matched loci in the primary auditory area (AI) and the anterior auditory field (AAF). In the other set (n‫,)4؍‬ we injected primary, nonprimary, or limbic cortical areas.
Each of the 13 areas of cat auditory cortex (AC) (Fig. 1A ) receives robust afferent input from the medial geniculate body (MGB) and the ipsi-and contralateral AC (Winer and Lee, 2007) . The degree to which thalamocortical (TC) and corticocortical neurons with branched axons (BAs) participate in these several projection systems is of interest since such cells could create independent computational processes at different target loci. The organization and number of axon collaterals within these systems are unknown and are the subjects of this report.
BAs can create feature-specific maps or synchronize processing within remote brain regions (Schofield et al., 2007) . Although there are at least five maps of characteristic frequency (CF) within AC (Morel and Imig, 1987) , there are only two within the MGB, one in the rostral pole (RP) and another in the ventral division (MGBv) (Aitkin and Webster, 1972; Imig and Morel, 1985) . TC BAs could account for the expansion of the two MGB tonotopic representations into the several AC maps: the axon of a cell responsive to a given CF may branch and terminate in more than one AC region representing that CF. Prior work testing this model reported data from a small sample of tissue (Morel and Imig, 1987) or was limited to only two areas (Lee et al., 2004a) . Thus, the differential areal contribution of BAs in the AC commissural and ipsilateral corticocortical pathways remains unknown, though the proportion of double-labeled cells after frequency-matched injections is Ͻ1.5% (Lee et al., 2004a) .
To re-examine the organization of BAs systematically, we injected frequency-matched loci in the primary auditory cortex (AI) and the anterior auditory field (AAF) with two sensitive retrograde tracers, the ␤ subunit of cholera toxin (CT␤) (Luppi et al., 1990) , and a gold-conjugated variant (CT␤G) (Llewellyn-Smith et al., 1990) , and analyzed the ensuing nuclear and areal distribution of double-labeled neurons (DLs). Intraareal branching in each of the three major projection systems was examined for each functional class of AC areas by injecting CT␤ and CT␤G into primary, non-primary, multisensory, and limbic cortex. We occasionally substituted wheat-germ apo-horseradish peroxidase gold-conjugate (WAHG) (Basbaum and Menetrey, 1987; Winer et al., 1996) , an equally sensitive tracer, for CT␤G.
BAs are a small but common constituent of auditory forebrain projection systems, suggesting that they are not a likely source for creating and/or modulating the spectral maps in AI and AAF. The spatial distribution of the few BAs suggests that they follow different organizational parameters than unbranched axons. That there are few auditory forebrain BAs contrasts with their relative abundance in the subcortical auditory system (Irvine, 1986) . Finally, the relatively larger percentage of BAs in the visual (Bullier, 1984; Bullier et al., 1984a; Birnbacher and Albus, 1987; Salin et al., 1989) and possibly somatic sensory (Spreafico et al., 1981; Fisher et al., 1983) forebrain suggests modality specific patterns for branched axonal organization.
EXPERIMENTAL PROCEDURES Surgery, physiology, perfusion, and histology
All procedures were approved by the Institutional Animal Care and Use Committees of the University of California at Berkeley and the University of California at San Francisco, and followed guidelines of the National Institutes of Health ('Principles of Laboratory Animal Care,' publication no. . Only the minimal number of animals required to attain statistically valid results was used. Precautions were taken to minimize any postoperative pain or discomfort and animals received close veterinary supervision. Methods for anesthesia, surgery, physiology, and histology followed those in earlier studies (Lee et al., 2004a,b) . Experiments were conducted on seven female adult cats and one male adult cat, weighing 2.8 -3.5 kg, and free of middle ear disease. Animals were sedated by i.m. injections of ketamine (22 mg/kg) and acepromazine (0.11 mg/kg), then anesthetized with sodium pentobarbital (15-30 mg/kg; i.v.) . Glass pipets (20 -30 m tip diameter) attached to a nanoliter pump (World Precision Instruments, Sarasota, FL, USA) deposited tracers in pulses of 4.6 nl/s. CF responses were mapped in four animals using standard physiological protocols (Lee et al., 2004a) in which single-and multiunit activity in the major thalamic recipient zone, layers IIIb and IV (Winer, 1984a,b,c; Huang and Winer, 2000) , was recorded with parylene-coated tungsten microelectrodes (0.5-2.5 M⍀). The CF was defined as the frequency at which the lowest sound pressure level stimulus (3 ms linear rise and fall; 50 ms total duration; 400 -700 ms interstimulus interval) evoked a response. The CF responses were used to define isofrequency loci within areas AI and AAF, into which a total of 55.2 nl of CT␤ or CT␤G (List Biological Laboratories, Campbell, CA, USA) was injected at 500, 1000, and 1500 m beneath the pia.
In four other, unmapped experiments, tracers were injected into different loci within the same, anatomically identified area. (Fig. 1C) . In two cases (Table 1) , WAHG was used instead of CT␤G; the ensuing labeling appeared identical. The animals received a lethal dose of sodium pentobarbital 3-4 days after tracer injection and were perfused transcardially with 4% paraformaldehyde/0.1 M phosphate-buffered saline (PBS). Brains were dissected, photographed, and blocked stereotaxically, then cryoprotected for 72 h in 30% sucrose/4% paraformaldehyde/0.1 M PBS.
Transverse frozen sections 60 m thick were cut in a 1:6 series and processed for the tracers, Nissl staining, or SMI-32 immunostaining; the remaining sections were reserved. For CT␤G labeling, they were rinsed in 50% ethanol, washed in double distilled water, silver-intensified for 1 h (Kierkegaard and Perry Laboratories, Gaithersburg, MD, USA), washed in 1% sodium thiosulfate, and then in 0.1 M PBS. For CT␤ processing, the sections were blocked for 1 h in 5% normal rabbit serum/0.3% Triton X-100, incubated overnight in a 1:7500 dilution of goat anti-CT␤ primary antibody (List Biological Laboratories) in 0.1 M PBS, and processed using a goat Vectastain avidin-biotin-peroxidase (ABC) kit (Vector Laboratories, Burlingame, CA, USA) with diaminobenzidine (DAB) as the chromogen, then mounted, cleared, and coverslipped.
Adjacent series of sections were prepared with the Nissl stain or immunostained for SMI-32 to delineate thalamic nuclei or cortical areas, respectively. The monoclonal SMI-32 antibody binds to pyramidal cell neurofilaments (Sternberger and Sternberger, 1983) and local patterns of immunoreactivity and Nissl cytoarchitecture were used to identify the 13 AC areas Mellott et al., 2005) . For the SMI-32 procedure, non-specific immunostaining was blocked by 1 h incubation in 5% normal horse serum/0.3% Triton X-100, and the tissue was incubated overnight in a 1:2000 solution of SMI-32 antibody (Sternberger Monoclonal Inc., Baltimore, MD, USA), and processed with a mouse Vectastain ABC kit (Vector Laboratories) using a heavymetal-intensified DAB chromogen (Adams, 1981) . Sections were mounted, cleared and coverslipped.
Anatomical analysis
Labeled neuronal cell bodies were plotted at 20ϫ using a microscope connected to a motorized stage and the Neurolucida interface system (MicroBrightField, Colchester, VT, USA), and from the superficial 20 m of each section. This ensured that the differential penetration of antibodies for CT␤ visualization and silvering agents for CT␤G visualization did not lead to an underestimation of double labeling (see Discussion). Thalamic subdivisions were drawn at 15ϫ from Nissl preparations. Sulcal patterns obtained from photographs were used with 15ϫ drawings of SMI-32-stained sections to reconstruct scaled, lateral views of the hemispheres. Areal subdivisions were established using the SMI-32 in conjunction with the Nissl preparations. Neuroexplorer software (MicroBrightField) was used to create three-dimensional cortical reconstructions onto which plots of labeled cells from transverse sections were superimposed. Plots were aligned with scanned Nissl drawings or lateral view schematics using Canvas graphics software (Deneba Software Inc., Miami, FL, USA).
An overlap zone was defined as a series of sections with cells labeled by both tracers; a one section gap arising from technical problems (e.g. antibody penetration) was not considered to interrupt the series. An overlap zone was not defined for structures spanning less than three contiguous sections. Percentages of double-labeled neurons (PDLs) were then calculated both for a nucleus or area and for the overlap zone within it.
Rostrocaudal distributions were constructed for all structures spanning more than three sections. The caudorostral length of a structure was normalized, with the first section containing labeled cells defined as '0,' the last as '100.' The labeling percentage in a section was calculated as: (number of cells labeled by tracer x in that section)/(number of cells labeled by a tracer in the structure)ϫ100.
Cumulative distributions were made from the rostrocaudal distributions. For these distributions, the number reported for the nth section in a structure was ⌺(percent of labeling/tracer from section 0 to section n). Thus, if 3/30 double-labeled MGB cells were in the first section, this percentage would be 10% for nϭ1, and if three were in the second section, the value would be 20% (6/30) for nϭ2.
Statistical analysis
Statistical analyses were performed only for experiments which involved physiologically guided deposits. Because there was no a priori reason to consider frequency as a confounding factor, the four experiments were treated as replications, thus giving an nϭ4. First, we used an ANOVA to screen for differences between PDLs within (i) nuclei or areas, (ii) the entirety of a structure and the overlap zone, (iii) majority, minority, and overall populations, and (iv) cortical hemispheres. If a difference was detected, a paired t-test was used to identify its origin(s). Appropriate software (SPSS Inc., Chicago, IL, USA) was used for all statistical analyses.
RESULTS
The CT␤ and CT␤G/WAHG deposit sites did not overlap (Fig. 1B ), even at their perimeters, where only diffusion was present and likely contributed little to the patterns of MGB and AC retrograde labeling. Only deposit sites satisfying this independence criterion ( Fig. 1A : circles) were accepted for analysis. A further control (not illustrated) was the many cases available in which deposits in separate areas resulted in PDLs similar to those reported here.
In a representative experiment ( Fig. 2 ) deposits of CT␤ and CT␤G were made ϳ1.7 mm apart in temporal cortex ( nucleus (not shown), and in its medial limb more rostrally ( Fig. 2C : Sm). These multisensory affiliations would be predicted based on the proximity of the deposits to the rostral bank of the posterior ectosylvian gyrus, a region with strong extrastriate visual associations (Bowman and Olson, 1988) . The MGB DLs ( Fig. 2A-C , open circles) were interdigitated among the single-labeled CT␤ or CT␤G neurons.
In the ipsilateral hemisphere, retrogradely labeled cells were abundant along the entire ventral AC convexity from the inferior part of the posterior ectosylvian gyrus to the insular cortex (In) and beyond ( Fig. 2D : In). Intermixed CT␤ and CT␤G labeled cells (Fig. 2D : blue and red dots) extended from the perirhinal cortex inferiorly to the caudal border of the dorsal auditory zone (Fig. 2D: DZ) . The heaviest labeling was intrinsic and in area Te, where 1.3% of cells were DLs (Fig. 2D: open circles) . The ipsilateral corticocortical labeling was concentrated almost entirely in the non-primary AC, with only the tonotopic ventral posterior field having significant numbers of retrogradely labeled neurons, but no DLs (Fig. 2D : ventral posterior auditory cortical area (VP)).
The commissural retrograde labeling largely mirrored the ipsilateral corticocortical pattern, extending even to the labeling in the ventral (Fig. 2E : Ve) and ventral posterior fields ( Fig. 2E : VP), though on a much reduced scale. The vast majority of the single and double labeling was in area Te and, once again, the DLs (Fig. 2E : open circles; 1.8%) were intermingled topographically with the single labeled neurons (Fig. 2E : blue and red dots). Not all areas with retrogradely labeled neurons contained DLs, which were conspicuously absent in area AII and in the entire posterior ectosylvian gyrus.
Double labeling
In the mapped cases, more than 99% of DLs were within overlap zones. In the MGBm (case 1568; Table 1), 11/12 DLs (92%) lay within the overlap zone (a value derived from the raw data; cf. tralateral AAF (case 1599). After paired Te injections, 178/ 179 (Ͼ99%) DLs in MGBd were in the overlap zone. In contrast, in MGBm many DLs (15/25; 60%) lay outside the overlap zone after paired area In injections. However, when considering the MGB, ipsi-, and contralateral cortex in all experiments, there was no significant difference between the PDLs within the overlap zone and for the entire structure (PϾ0.1, ANOVA).
MGB
Following mapped injections, the PDL in each MGB subdivision was calculated. There was a significant difference between PDLs across thalamic nuclei (PϽ0.05, ANOVA), essentially attributable to the significant difference between the MGBv and the RP (PϽ0.05, paired t-test); all other pairs of nuclei had statistically indistinguishable PDLs ( Fig. 3A; Table 2 ).
In unmapped cases, up to 7.7% of cells in the intralaminar thalamic nuclei were double labeled. These were classified as 'other,' and treated as a fifth category for analytical purposes. PDLs within thalamic nuclei were calculated as above ( Fig. 3C; Table 2 ). Clearly, the PDLs are greater than in the mapped cases; these results could not be statistically compared with each other or with those of the mapped cases, since each involved a different AC area (see Experimental Procedures).
AC
In the ipsi-and contralateral areas AI and AAF ( Fig. 3B ; Table 2), PDLs were statistically similar across both areas (Table 2 ). (C, D) PDLs in the MGB (C) and AC (D) ensuing from unmapped CT␤ and CT␤G deposits within the same area (Table 2) . (E, F) After frequency-matched deposits in AI and AAF, a majority of labeled neurons in a given nucleus or area project to one area and a minority projects to the other. PDLs were calculated in the majority and minority populations of MGB (E) and AC (F) labeled neurons. Asterisks, significant differences (PϽ0.05; paired t-test). There is a significant PDL difference as well between the minority and majority populations in all nuclei and areas (PϽ0.05; see text).
and hemispheres (PϾ0.1, ANOVA). PDLs in the other 11 AC ipsilateral areas were not significantly different (Table 3 ; PϾ0.1 ANOVA). Similar PDLs were calculated for the injected areas and their commissural counterparts in the unmapped cases (Fig. 3D, Table 2 ).
Majority and minority projections
In each nucleus or area, one tracer might label more cells (majority population) than were labeled by the other tracer (minority population). DLs are members of both populations. PDLs in both populations were calculated for all structures in mapped cases. In unmapped cases, the targets of both the majority and minority populations are within the same area, so these calculations were not made. These figures were calculated for both the overlap zone and the entire projection; these values were statistically similar (PϾ0.1, ANOVA), so only those for the entire projection are shown (Fig. 3E, F) .
In the MGB, the majority population PDLs did not differ significantly from those of the overall population (PϾ0.1, ANOVA). However, MGB minority population PDLs differed statistically from those of the overall and majority populations (PϽ0.05, ANOVA). Within the minority population, PDLs in MGB nuclei were indistinguishable (PϾ0.05, ANOVA), although in the overall population, the PDL in the RP was significantly lower than that in the MGBv.
The minority population also had significantly higher PDLs than the overall and majority populations in both ipsiand contralateral AI and AAF (PϽ0.01, ANOVA), though individual nuclei could not be implicated in creating this (PϾ0.05, paired t-test). Further, a statistically significant difference in PDLS in the minority population (PϽ0.05, ANOVA) could be attributed to the difference between the PDLs in ipsilateral AAF and ipsilateral AI (PϽ0.05, paired t-test) (Fig. 3F) .
DISCUSSION

Tracer choice
A dual retrograde tract tracing strategy is ideal for revealing neurons with BAs (Hayes and Rustioni, 1979; Kuypers et al., 1980) . However, to be equally accurate, the tracers used must be matched for membrane affinity, injection site size, visualization methods, the likelihood for producing damage affecting transport, and tracer-specific differences in transport rate (Schofield et al., 2007) . CT␤ and CT␤G are good candidates because of their biochemical similarity and extremely high membrane affinities (MacKenzie et al., 1997) . However, they differ in their diffusibility, and thus injection site sizes, as well as visualization sensitivity. CT␤G is physically more massive than CT␤ due to its conjugated gold particles and thus diffuses less by accessing fewer membrane uptake zones (Llewellyn-Smith et al., 1990) . To address this issue we adjusted the injected volume of CT␤G so that the sizes of the injection set (which consisted of several single injections; Experimental Procedures; Table  1 ) were approximately equal. In every experiment, labeling was equally extensive for both tracers.
Visualization bias is more difficult to address, since the opacity of silver-coated gold particles enhances the detection of gold-labeled cells relative to CT␤-labeled ones, whose diffuse brown color from the DAB reaction precipitate can contrast poorly with the background and could thus lead to underestimates of both CT␤-labeled neurons and DLs. Further, the antibodies for visualizing CT␤ molecules are themselves large macromolecules, which may not penetrate the fixed section entirely, while the silvering reagents for visualizing CT␤G are much less restricted by size. We addressed this concern by defining labeled neurons conservatively (Fig. 1B) and by confining the analysis to the superficial 20 m of the section. Thus, our results may underestimate axonal branching but are internally consistent for each case.
BAs and spectral maps
AC areas receive afferent input from the MGB, ipsi-, and contralateral AC (Fig. 4) . While the present results, and those of previous studies (Fig. 4A-D) , confirm the presence of TC BAs, they suggest that such BAs targeting AI and AAF may not be sufficiently numerous to create the spectral maps in them. Comparably low PDLs following frequency-matched deposits in either field have been noted (Fig. 4D) (Morel and Imig, 1987; Lee et al., 2004a) . If TC BAs were important in establishing the AC CF maps, then BAs should be numerous and concentrated in MGBv and RP, the tonotopically organized MGB nuclei. However, the highest PDL (2.8%) was in the RP, with the only significant difference in nuclear PDLs between the RP and the MGBv, the latter having the lowest value ( Fig. 3A ; Table 2 ). Even fewer BAs in both the corticocortical and commissural systems ( Fig. 3B; Table 2 ) suggest that they do not create multiple tonotopic AC maps unless their axons were to ramify far more extensively than is presumed to be the case (Code and Winer, 1986) .
Our PDLs in the MGBv are lower than those in a prior study (Morel and Imig, 1987) , which may have used more comparable tracers; however, the prior study pooled counts in six sections from five experimental animals, whereas we included every section with labeling in a structure to capture the full TC, corticocortical, and commissural projections. Qualitatively, however, both findings are in accord.
We assayed only one potential variable, CF, that might use BAs as a substrate. There is a substantial representation of binaural response class in both the MGBv and AI (Middlebrooks and Zook, 1983; Middlebrooks et al., 1980; Brandner and Redies, 1990) , and, if a similar representation were accessible elsewhere in AC, we might match injection sites on the basis of binaural responses (Fig. 4C) . However, the small apparent size of the binaural response bands might make it difficult to double label sufficient neurons to assess the contribution of BAs, since deposits large enough to produce double labeling may be too large to remain within the rather small and variable aural modules. Moreover, it is unclear how the contribution from other included representations (amplitopy, bandwidth, threshold, etc.) that each covary in AI, could be excluded or plausibly assessed (Ehret, 1997; Schreiner and Winer, 2007) . Although our results suggest that BAs do not create AI and AAF spectral maps, they are limited to this pair of areas. Since AI and AAF are at the same hierarchical level and the posterior auditory field (P) is at a higher one (Rouiller et al., 1991; Lee and Winer, 2005) , perhaps more BAs link AI and AAF. Surprisingly, it was reported that the PDLs following frequency-matched injections in AI and AAF were similar to those following matched injections in AI and P, suggesting a general paucity of TC BAs in spectral map creation (Morel and Imig, 1987) .
Majority and minority populations
Despite the sparse axonal collateralization, the minority PDL population is significantly higher in all structures (Fig.  3E, F) . Nearly 20% of RP TC afferents to AI project to AAF as well, and cortical values can reach 12% (contralateral AAF). These results suggest that specific contributions can arise from BAs, though their function, and the rules governing their organization, are unknown.
Our values for minority projections are lower than prior ones (Morel and Imig, 1987) , which find 56% doublelabeling within the minority projection from MGBv-to-AAF (compared with an average of 2.3% in our study) and 35% in the RP-to-AI projection (16.1% in our study). Again, however, their sampling regimen differs from ours and may not represent all such branched projections. Nonetheless, as discussed below, more minority population branching may be a general feature of forebrain sensory axons.
Intraareal axonal branching
Intraareal BAs are also sparse, and with no obvious distinction based on the functional class of the target area. However, the PDLs in the thalamus and cortex (Fig. 3E, F ; Table 2 ) are higher than those in the mapped injections. Thus, intraareal branching may be more extensive than the physiologically guided, interareal form. In the TC projection system, intraareal branching may be far greater in nonprimary areas. Unfortunately, because each area was only injected in one experimental animal, we cannot make claims of statistical significance from the quantitative data.
Injection site separation may affect PDLs. If a point-topoint connectivity model proposed for AI (Brandner and Redies, 1990 ) extended throughout AC, double labeling would vary inversely with the distance between injection sites, as confirmed in cat area 17 (Salin et al., 1989) . We cannot definitively confirm this principle in AC because different areas were injected in each experiment. However, anterograde studies in cat AC show area specific, differential arborization patterns of TC afferents (Huang and Winer, 2000) . It is plausible that an inverse relationship between injection site separation and thalamic PDLs (at least) will hold for all AC areas analyzed here, though it will reflect area-dependent differences in arborization. Finally, intraareal branching may occur on a finer, intralaminar scale, which we did not examine (Fig. 4E) .
Axonal branching in other modalities
Many studies of BAs using dual retrograde tract tracing techniques are available for the auditory and visual forebrain. However, because they used various sampling regimens and tracers, direct comparisons can be made only in a few cases.
DLs concentrate largely within overlap zones. In the somatic sensory thalamus, the thalamic cells labeled by unmapped primary somatic sensory cortex (SI) and second somatic sensory cortex (SII) injections form concentric rings: the core, in the ventroposterior medial nucleus (VPM) contains only a projection to the SI; an inner shell projects to areas SI and SII, and has branched projections to both; and an outer shell region has the same types of labeling but with a coarser topography (Spreafico et al., 1981) . The latter authors suggested that secondary, ostensibly less topographic areas arose earlier in evolution (Diamond and Hall, 1969) , and that BAs may contribute to the emergence of precise, topographic connections. However, such circumscribed regions of labeling are not readily apparent in the MGB, perhaps because AI and AAF are at (Rose and Woolsey, 1958) . (B) CF-guided interareal BAs provide a limited (Ͻ6%) contribution to the TC projections . (C) TC BAs may participate in creating binaural bands within areas (Middlebrooks and Zook, 1983 ) and they are not inconsistent with models of point-to-point TC projections (Brandner and Redies, 1990) . (D) Extensive interlaminar and intralaminar TC branching (Huang and Winer, 2000) is superimposed upon sparse interareal branching (Lee et al., 2004a) . (E-G) Schematic representations of TC projections integrated with laminar patterns of branched and unbranched models of TC, corticocortical, and commissural input. (F) Point-to-point, tonotopic projections (1) constitute the majority (85%) of input to AI. Heterotopic projections (2), however, represent a substantial (15%) parallel input (Lee et al., 2004b) . (F, G) Interareal branching (3) constitutes Ͻ2% of the TC input. Black: principal laminar terminations of TC, corticocortical, and homotypic commissural afferents to AI. TC afferents from (i) type 1 and (ii) type 2 MGB projections terminate principally layers III and IV and (iii) type 3 input reaches layers I and VI as well (Huang and Winer, 2000) . (F) Corticocortical afferents to AI (C) end mainly in layers I, III, and IV (Kawamura, 1973) . (G) Many homotypic commissural axons target layers III, V, and VI in AI (Code and Winer, 1986) . the same hierarchical level of processing (Rouiller et al., 1991) , because all AC extrinsic connections are topographic , or because the tracers we used may be more sensitive. Second, minority populations have higher PDLs in both the auditory and visual forebrain. For instance, BAs are more common in the A-lamina of the lateral geniculate nucleus (LGN) projection to area 18 than that to area 17 (Bullier et al., 1984a; Birnbacher and Albus, 1987) .
Interareal, physiologically guided BAs may be more numerous in the visual forebrain than in the somatic sensory or auditory forebrains. Following mapped injections into matched Pacinian corpuscle response foci in both areas SI and SII, 1.7-2.3% of labeled VPM cells had BAs (Fisher et al., 1983) . This value closely approximates those seen in the present study. On the other hand, unmapped deposits in SI/SII yielded PDLs ranging from 14 to 20% in one cat ventroposterior lateral nucleus (Spreafico et al., 1981) , again with an unknown sampling regimen.
Reports of the magnitude of visual TC BAs vary as well, from 16% of LGN A-lamina neurons projecting to retinotopically-matched loci in areas 17 and 18, to even higher figures in the visual association nuclei (32% in the medial intralaminar nucleus) (Bullier, 1984) . Another study found only 3% of LGN A-lamina cells double labeled after retinotopically matched deposits in areas 17 and 18, with lower PDLs in other subcortical structures, e.g. 14% in the medial intralaminar nucleus (Birnbacher and Albus, 1987) . They ascribe the difference to their injection sites, which focused on visual field representations 20 -40°from the midline, and suggest that the injection sites from Bullier et al. (1984a) may have crossed the area 17-18 boundary. While this may resolve the differences between these studies, it cannot explain the difference between our results and those of others (Bullier, 1984; Birnbacher and Albus, 1987) . Our deposits span frequency values across AI and AAF, with injections ranging from 2.1 mm (case 1568) to 7.8 mm apart (case 1572). However, there was no substantial difference in PDLs between these cases despite their marked injection site separation difference. Visual ipsilateral corticocortical connections may have more extensive BAs than auditory ones, with some caveats. In the visual forebrain, corticocortical PDLs following retinotopically matched deposits in areas 17 and 18 are higher in hierarchically advanced areas (for example, 9.5% in area 19 and 20% in area 20) with primarily feedback connections (Bullier et al., 1984b) . However, the modest PDLs after retinotopically-matched area 17 and 19 injections (2.5% in area 18 and 4% in area 20) suggest that higher level feedback to other areas uses BAs more strongly if these areas are at the same hierarchical level. This is not true in AC: branching is distributed across many ipsilateral AC areas, and while some areas had higher PDLs than either AI or AAF, these differences were not significant.
Finally, intraareal BAs are more common in the visual than in the auditory forebrain, but less so than the interareal type noted above. Our paired AI injections (3.3 mm apart) are comparable to injections into area 17 (3.4 mm apart), and the corresponding PDLs in the MGBv/LGN lamina A, respectively, are both less than 1.5% (Salin et al., 1989) . However, BAs are somewhat more common in other cortical areas converging on area 17 (3-7%) than in the corticocortical pathways converging on AI (0.8 -2.1%).
It is perhaps not surprising that BAs appear to follow different rules in the visual, somatic sensory, and auditory systems, as there may be submodality-specific differences. For example, LGN X-cell axons do not branch to areas 17 and 18, while 17% of LGN A-lamina cells target both areas-a value that rises to 50% in the LGN C lamina (Humphrey et al., 1985) . Thus, there are modality-specific, and perhaps submodality-specific, BA organizing principles.
Auditory system BAs
Physiologically guided, interareal TC BAs may not create the CF maps in AI and AAF (or, by extension, the other three AC maps), and intraareal branching is sparse. However, both types of branched projection have an organization that differs from their unbranched counterparts. Thus, BAs are ubiquitous in the auditory forebrain connectional systems, though sparse numerically (Fig. 4E-G) .
These results can be reconciled with the results of anterograde studies reporting extensive arborization (Huang and Winer, 2000) (Fig. 4E ) by considering that a deposit will label collaterals based on injection site separation and the relative orientations of, and alignment between, the collaterals and the deposit across the cortex.
Our results support the view that the auditory forebrain BA organization differs from that of the subcortical auditory system, where axon collateralization can be extensive (Irvine, 1986) . Intracellular filling studies report over 50% collateralization of axons, both intra-and interareally, from the medial and lateral nuclei of the trapezoid body to the medial and lateral superior olives in the mustache bat, big brown bat, mouse, and gerbil (Kuwabara and Zook, 1992) . Most guinea-pig dorsal cochlear nucleus neurons were double labeled after bilateral injections of the inferior colliculus (IC) (Schofield and Cant, 1996) . Bilateral injections of retrograde tracers in the guinea-pig cochlear nuclei yielded extensive periolivary double labeling, especially in the ventral periolivary nuclei (Schofield and Cant, 1999) .
However, BAs are not extensive in all subcortical auditory projections. For example, bilateral injections of guinea-pig CN resulted in Ͻ1% double labeling in the IC (Schofield, 2001) . Further, in the rat, Ͻ1% of IC neurons were double labeled after injections into various combinations of the MGB, contralateral IC, CN, or superior olivary complex (Okoyama et al., 2006) . Corticofugal projections likewise appear to have few BAs, with no AI neurons projecting to both the ipsilateral MGB and contralateral AI, or to ipsilateral MGB and IC (Wong and Kelly, 1981) .
BAs from long range projection neurons thus appear to represent a small proportion of the TC (Lee and Winer, 2008a) , commissural (Lee and Winer, 2008b) , and corticocortical (Lee and Winer, 2008c) pathways in cat AC. These BAs largely interdigitate among the neurons projecting to a single area. This implies that they are an independent element in each system, and closely but not perfectly related spatially to projections whose terminal branches are confined to a single area. Given the intricate and widely distributed branching of single afferents in the TC system (McMullen and de Venecia, 1993; Cetas et al., 1999) and the enormous breadth of their terminal plexus even after relatively limited tracer deposits (Huang and Winer, 2000; Velenovsky et al., 2003) , perhaps the requirement for extensive BAs is subsumed by local branching and the spatial overlap of strongly divergent branches. This observation is consistent with the divergence observed in the commissural system using even relatively insensitive tracers (Code and Winer, 1986) and in the corticocortical projections (Izumi and Nakamura, 1998) . It is also consistent with the interdigitation of populations of TC and cortical neurons in the auditory forebrain which project to separate areas in AC (Lee et al., 2004a,b; Lee and Winer, 2005) and it is consistent with the view of parallel streams even within an otherwise homogeneous pathway (Read et al., 2008) .
The function of these forebrain BAs remains unclear. Given the precision of developing connections and the efficient ontogenetic elimination of transient axon collaterals (Innocenti and Clarke, 1984; Clarke and Innocenti, 1986; Kadhim et al., 1993) , BAs would seem unlikely candidates to be remnants of developmental error. Because BAs are present in all three projection systems that construct the spectral maps in AI and AAF, they might be part of the widespread, functionally masked, latent anatomical substrate for spectral map reorganization (Jacobs and Donoghue, 1991) . However, BAs are clearly sparser than heterotopic projections, which may also be involved in AC plasticity ( Fig. 4F-H) (Lee et al., 2004b; Winer et al., 2005) . To understand the function of these branched projections more fully, their microanatomical organization and the electrophysiological properties of their synaptic connections must be determined.
